Personality traits are the relatively enduring patterns of thoughts, feelings and behaviors that reflect the tendency to respond in certain ways under certain circumstances. Twin and family studies have showed that personality traits are moderately heritable, and can predict various lifetime outcomes, including psychopathology. The Research Domain Criteria characterizes psychiatric diseases as extremes of normal tendencies, including specific personality traits. This implies that heritable variation in personality traits, such as neuroticism, would share a common genetic basis with psychiatric diseases, such as major depressive disorder. Despite considerable efforts over the past several decades, the genetic variants that influence personality are only beginning to be identified. We review these recent and increasingly rapid developments, which focus on the assessment of personality via several commonly used personality questionnaires in healthy human subjects. Study designs covered include twin, linkage, candidate gene association studies, genome-wide association studies and polygenic analyses. Findings from genetic studies of personality have furthered our understanding about the genetic etiology of personality, which, like neuropsychiatric diseases themselves, is highly polygenic. Polygenic analyses have showed genetic correlations between personality and psychopathology, confirming that genetic studies of personality can help to elucidate the etiology of several neuropsychiatric diseases.
Personality traits are the relatively enduring patterns of thoughts, feelings and behaviors that reflect the tendency to respond in certain ways under certain circumstances. Twin and family studies have showed that personality traits are moderately heritable, and can predict various lifetime outcomes, including psychopathology. The Research Domain Criteria characterizes psychiatric diseases as extremes of normal tendencies, including specific personality traits. This implies that heritable variation in personality traits, such as neuroticism, would share a common genetic basis with psychiatric diseases, such as major depressive disorder. Despite considerable efforts over the past several decades, the genetic variants that influence personality are only beginning to be identified. We review these recent and increasingly rapid developments, which focus on the assessment of personality via several commonly used personality questionnaires in healthy human subjects. Study designs covered include twin, linkage, candidate gene association studies, genome-wide association studies and polygenic analyses. Findings from genetic studies of personality have furthered our understanding about the genetic etiology of personality, which, like neuropsychiatric diseases themselves, is highly polygenic. Polygenic analyses have showed genetic correlations between personality and psychopathology, confirming that genetic studies of personality can help to elucidate the etiology of several neuropsychiatric diseases. showed that personality traits, as measured by self-report questionnaires, 3 are moderately heritable 4, 5 and have a relatively stable trajectory over time after early adulthood. 6 However, the exact genetic basis of personality is still poorly understood.
We review findings from twin and family studies of heritability, followed by linkage studies, candidate gene association studies, and genome-wide association studies (GWAS). We summarize the most robust loci associated with personality. We only included genetic studies of personality if they used validated, standardized, self-report measures of personality traits (Box 1) in healthy adults of any ethnic origin. We conclude by discussing polygenic methods, which provide mounting evidence that the association between personality traits and psychopathology has a genetic basis. Future directions for research are also suggested.
Developments in the field, including the availability of large datasets such as UK Biobank, and bioinformatics techniques such as gene pathway analysis, have furthered our understanding of the genetic etiology of personality. Ultimately, genetic studies of personality may enhance our understanding of neuropsychiatric diseases and thus foster novel treatment approaches. 13 
| TWIN AND FAMILY STUDIES: HERITABILITY ESTIMATES
Twin studies of personality have shown that identical twins are more concordant than nonidentical twins, yielding narrow-sense heritability estimates in the range of 40%, [14] [15] [16] [17] suggesting that a moderate proportion for the variance of personality traits can be attributed to additive genetic effects. Family and adoption studies, which estimate the resemblance between parent/biological child, or relatives separated by adoption, have yielded slightly lower estimates (approximately 30% 18, 19 ).
Heritability does not appear to vary by sex (estimated by comparing the resemblance between opposite-sex vs same-sex dizygotic twins 20 ). For example, a meta-analysis of data from over 29 000 twin pairs 16 showed that the heritability of neuroticism scores was at 48%, and that the same proportion of variance in neuroticism can be attributed to genetic factors in both in men and women.
Environmental differences can increase or decrease the importance of genetic factors, and may also reflect gene-environment interactions. 21, 22 Twin data show that genetic influences contribute to personality stability and are relatively constant with age. Personality stability is defined as the degree to which the relative differences between individuals are preserved over time, which is typically assessed with a test-retest correlation. In contrast, the environmental influence on personality increases with age.
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All questionnaires show roughly similar levels of heritability, albeit with variable estimates from study to study (Table 1) . Moreover, heritability estimates across personality traits do not reflect significantly different levels of genetic influence. For example, a recent metaanalysis reported heritability estimates for the Big Five (NEO) traits, ranging from 31% to 41% 17, 36 . The moderate variability in heritability estimates is to be expected because heritability is not only a property of a trait but is also influenced by differences among samples, methodology, including strong theoretical assumptions in twin studies (eg, assumption of equal environment, exclusion of gene-environment interactions 19, 37, 38 ).
| CANDIDATE GENES ASSOCIATION STUDIES
Twenty years ago, it was commonly assumed that the genetic architecture of personality might be relatively simple, or at least simpler than psychiatric diseases, with a few key genes explaining much of the observed heritable variance. 39 This partially explains the enthusiasm for candidate gene association studies that continue to be performed even today, despite mounting evidence that personality is likely to be at least as polygenic as psychiatric diseases. 40, 41 The candidate gene literature has been dominated by a small number of genes that were largely selected based on their involvement in key neurotransmitter systems (eg, dopamine, DA;
serotonin, 5-HT) that mediate the effects of many psychoactive drugs. These studies have produced inconsistent and inconclusive findings. 42 In an attempt to summarize this complex literature, we have focused on the major findings obtained from meta-analyses, which are summarized in Table 2 . Rather than exhaustively surveying the candidate gene literature, we have focused on the most heavily studied genes/polymorphisms, because these allow the These studies used a combination of twin and family-based designs.
most informative meta-analyses. These studies show that associations between personality traits and the proportion of variance explained by a specific variant is unlikely to be ≥3%. 50 As described below, GWAS studies have clearly indicated that true effect sizes are much smaller.
Over 60 studies have investigated whether variation in genes involved with DA transmission were associated with personality.
Early publications reported associations between SNPs in the D4 dopamine receptor (DRD4) gene and extraversion or novelty seeking, [51] [52] [53] but those effects were not replicated in 2 meta-analyses. 44, 45 Some argued that the genetic effects may be sex-dependent, as polymorphisms in the tyrosine hydroxylase gene, the rate limiting enzyme in the biosynthesis of DA, were associated with novelty seeking Temperament and Character Inventory (TCI) in healthy males but not females. 54 On the other hand, others hypothesized that early environmental exposure and polymorphisms in the DRD4 gene might either strengthen or dilute the observed associations with novelty seeking 52 ; but these hypotheses have yet to be rigorously tested in human populations.
Similarly, early publications reported that variation in the serotonin transporter gene 5HTT (SERT or SLC6A4), which is responsible for reuptake of 5-HT from synapses, was associated with neuroticism 46, 47 and harm avoidance (Tridimensional Personality Questionnaire, TPQ), which is related to neuroticism. 55 However, meta-analyses of over 40 studies involving 5-HTTLPR variants show that this genotype is not consistently associated with neuroticism (Eysenck Personality Questionnaire, EPQ) or harm avoidance (TPQ). 48 , 49 The difficulty of accurately genotyping of this locus may contribute to these inconsistent results. 56 In hindsight, it is easy to identify reasons why candidate gene association studies have produced unsatisfactory results 40, 41, 57 ; most notably, they assumed that the loci under study would have larger effect sizes than have been observed in more recent GWAS, and were thus underpowered. Additional reasons for the lack of replication include confounding due to population stratification and selective reporting of positive results. 58 Furthermore, the assumption that genes related to key neurotransmitter systems were critical for personality turned out to be overoptimistic. 44, 59 Moreover, candidate gene association studies generally focused on coding regions rather than regulatory/noncoding regions; however, most GWAS hits implicate noncoding regions. 60 Views about the polygenicity of personality and many other traits continue to evolve, with a recent paper suggesting that even the most important "core genes" for a trait can only explain a minor fraction of the heritable variance. 60 4 | GENOME-WIDE SCANS
| Linkage studies
Genome-wide linkage studies, which take advantage of close familial relationships to identify chromosomal regions, have also been used to study the genetics of personality. Amin et al 61 . Nonetheless, only a few genomic regions (eg, 12q) have been consistently reported in multiple studies. [63] [64] [65] [66] [67] . This stringent threshold requires large sample sizes and favors type II over type I errors. Table 3 summarizes all previous GWAS of personality (N = 16) at the time of our writing. Figure 1 provides an overview of the chronology of GWAS for human personality traits.
The earliest GWAS for personality used samples in the range of 1000 to 5000 subjects, which proved to be underpowered.
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Terracciano et al 73 performed an unsuccessful GWAS for NEO-PI-R;
in the absence of any significant results, the same group 74 conducted a meta-analysis for excitement-seeking (NEO-PI-R), which identified rs7600563 (P = 2.0 × 10 −8 ). This SNP is located within an intron of the gene CTNNA2 (cadherin-associated protein alpha 2) and is within 200 kb of the gene LRRTM1; however, this association was not replicated in 3 independent samples.
Several other meta-analyses followed. Service et al 76 ).
For neuroticism there was a significant association at rs35855737
(P = 9.26 × 10
−9
). This SNP is located in an intron of the MAGI1 gene, which is expressed in brain, and has been implicated in bipolar disorder, SCZ, and major depressive disorder (MDD). [90] [91] [92] However, the association with MAGI1 (rs35855737) failed to replicate in an independent cohort. van den Berg et al 85 did not identify any significant associations with extraversion.
Smith et al 82 performed a meta-analysis of neuroticism (EPQ) that identified 9 significant loci (Table 3) . Examples of the implicated loci include rs111433752, which is near the gene CRHR1, which regulates release of cortisol and is involved in anxiety-like behaviors in mice. 93, 94 Another example is rs490647, which is near the gene GRIK3 (glutamate receptor kainite 3), a gene that is highly expressed in postmortem brains of complete suicides. 95 Okbay et al 83 performed a large meta-analysis of GWAS data for neuroticism using UK Biobank and Genetics of Personality Consortium (GPC) cohorts. Eleven loci were identified ( Table 3) ; 2 of these tagged inversion polymorphisms on chromosomes 8 and 17.
Lo et al 84 conducted a meta-analysis of the Five Factor Model that included multiple cohorts using different personality instruments.
They used data from the GPC, UK Biobank and 2 companies:
23andMe, Inc. and deCode Genetics. The authors identified 6 SNPs exceeded GWAS significance in the meta-analysis (Table 3) . For example, extraversion showed an association at rs6481128, which is near the gene PCDH15, which encodes a member of the cadherin superfamily and is important for calcium-dependent cell-cell adhesion. Furthermore, rs9611519, on chromosome 8, was associated with neuroticism; this locus is located in the L3MBTL2 gene. Additionally, rs2164273, which is an intronic variant of MTMR9, also on Chro- The authors performed independent GWAS for different neuroticism subclusters (ie, "depressed affect" and "worry"), and identified that the 2 subclusters showed notable differences in genetic signal, establishing for the first time the genetic multidimensionality of neuroticism.
| Summary of GWAS studies of personality traits
Personality traits are extremely polygenic and are influenced by many common alleles of small effect 96, 97 (also see Tables S1 and   S2 , Supporting Information). However, their effect sizes on molecular phenotypes can be large. 50 Neuroticism is currently the beststudied personality trait (Table 3) ; Table S1 shows the list of SNPs that replicated across studies. Figure 2 shows that the number of significant associations has increased as a function of sample size, which is consistent with a polygenic model.
Because of the need for ever-larger sample sizes, meta-analyses are widely used because they can integrate GWAS results obtained with similar but not identical measurement scales. However, metaanalyses potentially introduce their own problems such as differences in personality scales or properties of the cohorts, including sex, age and environmental factors. 98 For example, performing a metaanalysis of neuroticism that includes different scales would be problematic if the traits were not strongly genetically correlated. However, Okbay et al 83 reported a perfect genetic correlation (>100% AE 14%) between measures of neuroticism from the UK Biobank 83 and the GPC study. 81 Furthermore, using IRT, different personality scales can be transformed into a common phenotype, which can then be subjected to GWAS. A newer approach does not focus on transforming phenotypes but instead jointly analyzes GWAS results from putatively similar phenotypes (multi-trait analysis of
GWAS, MTAG 99 ). MTAG was recently used to analyze GWAS results
from neuroticism, depressive symptoms and subjective well-being, and allowed identification of 66 new loci for neuroticism; the top SNP replicated in an independent sample (N = 8197) and in previous studies (Table S1 ).
| POLYGENIC STRATEGIES FOR STUDYING THE GENETICS OF PERSONALITY
While the primary goal of GWAS for personality traits has been to identify specific loci, polygenic analyses can be performed using both significant and nonsignificant GWAS results. In this section, we will discuss these polygenic approaches (see Box 2). the results of the GWAS (the "summary statistics") rather than
| SNP heritability
The earliest estimates of the heritability of personality traits came from twin studies ( Table 1) . More recently, the heritable variance attributable to measured SNPs (see Box 2) has been used to estimate the heritability of personality traits; this so-called SNP heritability ranges from 5% to 18% (Table 4) . Whereas twin studies provide heritability estimates for both common and rare alleles, SNP heritability is based on available SNP information from unrelated individuals, which is typically limited to relatively common alleles 100 excluding other factors such as dominance effects, gene-gene and gene-environment interactions; therefore, SNP heritability is expected to be lower than the narrow sense heritability obtained using twins 115 .
| Gene-set and pathway-based analyses
Gene-set and pathway-based analyses are intended to perform tests at the gene or pathway levels, rather than at the level of individual ), behavioral response to cocaine (P = 1.84 × 10 −7 ), and axon guidance (P = 5.26 × 10 −8 ). Pathways that implicate synaptic communication were also implicated when using meta-analyzed data for depressive symptoms, neuroticism and subjective wellbeing 99 ; this relationship was strongest for depressive symptoms.
| Genomic profile risk scoring
There are numerous studies showing correlations between personality traits and various forms of psychopathology. All of these correlations, which we term "phenotypic correlations," are based on measurements of both traits in the same subjects and cannot easily separate the environmental vs the genetic basis of the correlations.
For example, neuroticism is correlated with anxiety, depressive and substance use disorders. 113 Twin studies have extended these observations, and showed that the overlap between personality traits and psychopathology has a genetic basis. For example, comorbidity between neuroticism and both MDD and anxiety disorders is attributed to shared genetic vulnerability. 22, 114 Genomic profile risk scoring (PRS) is a method for investigating the polygenic nature of traits like personality and can also be used to explore the genetic basis of correlations between traits like personality and psychopathology (Box 2). Reassuringly, PRS for neuroticism significantly predicted neuroticism in independent cohorts. 75, 81, 86, 87 Recently, polygenic scores based on joint GWAS for neuroticism, subjective well-being and depressive symptoms showed greater power at predicting neuroticism scores. 99 Early evidence based on a metaanalysis of GWAS data 115 showed that both PRS for neuroticism, and PRS for extraversion, predicted BP status. Furthermore, PRS for neuroticism predicted MDD, 81, 86, 115 and depressive symptoms. 75 Similarly, PRS for neuroticism obtained using European subjects could predict MDD in Chinese women 109 ; showing that PRS for neuroticism can even be useful when applied to populations with different ancestry. Lastly, PRS of neuroticism (calculated using summary data from the GPC) also predicted more general health risk outcomes, including high BMI, smoking, and coronary artery disease. 116 In all these examples, the 2 traits being examined are not measured in the the individual-level phenotype and genotype data that is required by GCTA.
Gene set and pathway analyses incorporate multiple genetic signals relevant to a specific gene that would not otherwise reach GWAS significance. 103 This method requires a lower significance threshold (P < 2.8 × 10
) because it only needs to correct for the number of genes being tested (approximately 18 000 104 ).
Genomic profile risk scoring methods sum the effects of multiple SNPs to predict individual risk for a given trait. 103, 104 This approach can be used to assess the shared genetic basis of a target sample (eg, personality) and a "discovery sample"
(eg, psychiatric disorder). Because the discovery sample is independent from the target sample, any detected observation must be genetically driven as there are no shared environmental factors.
Genetic correlations estimate how much of the genetic influence on 2 traits/diseases is common to both. and subjective well-being, at 75% (AE3%); and a positive genetic correlation between neuroticism and depressive symptoms, at 75% (AE3%), as has also been recently identified by Luciano et al 86 The latest meta-analysis of neuroticism 87 identified genetically distinguishable subclusters, namely "depressed affect" and "worry," both showing strong positive genetic correlations with major depressive (66%-58%, respectively) and anxiety disorders (67%-74%), and negative with subjective well-being (−55%-52%). which were generally no higher than 40%. 84 Lo et al 84 Timeline of major findings in personality genetics using GWAS (top panels) and polygenic (bottom panels) methods. Not all references in Table 3 GWAS associations do not unambiguously identify specific genes and thus do not directly lead to novel biological insights. Pathway analyses of GWAS will likely become more useful as pathway annotations continue to improve. The integration of data from GWAS and gene expression will present new opportunities and challenges in the discovery of the genes underlying implicated loci and pathways associated with personality. 125 Using imputed transcripts from GWAS and comparing those with drug-induced changes in gene expression, So et al 13 recently showed that the effectiveness of psychiatric medications was strongly associated with genomic information based on GWAS data for several psychiatric conditions.
Power and Pluess
Aggregating genetic findings based on GWAS of personality traits may ultimately influence the development of novel medications for psychiatric conditions that are characterized by, for example, high levels of neuroticism.
| CONCLUSION
Over the past decade, findings from GWAS and polygenic analyses have made major progress toward unraveling the genetic etiology of personality traits. And yet, the path from GWAS to biology and, ulti- 
